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Abstract: The Gene Ontology (GO) is organized in threegaitty independent hier-
archies: molecular functions, biological processey] cellular components. In this
paper, we present an approach based on the Cheanitiaés of Biological Interest
(ChEBI) ontology to identifying dependence relasom GO, especially relations
across hierarchies. Our method is based on theifidation of the names of ChEBI
entities in GO terms. We distinguish between finster dependence relations between
GO terms that share a common chemical name, ammhderder dependence rela-
tions between GO entities whose names include tveonécals that are hierarchically
related. Of the 10,516 entities in ChEBI, 26% wiglentified in the names of 9,431
GO terms (55% of all GO terms). A total of 771,3@#rs of related GO terms (first-
order associations) were computed. Of these, 44%smond to dependence relations
across hierarchies. These results were compatrtbe ®,714 pairs of GO terms identi-
fied as dependent by lexical and statistical methina previous study (once restricted
to GO terms whose names include a ChEBI entityXh@s$e, 3,932 (45%) were identi-
fied as first-order relations, and 937 (11%) a®sedeorder relations. We show that the
two kinds of approaches are complementary. The ChéEBed is independent of the
annotations, allowing even rare dependencies toldrified. Moreover, it takes ad-
vantage of the subsumption relations between clasnic ChEBI, and therefore helps
identify second-order dependence relations. Thisagrh can be generalized to other
ontologies of chemicals as well as other kindsrtblmgies.

1 Introduction

Dependence relations are generally not well reptesein ontologies, particularly in the
Gene Ontology™ (GO) [1] where relations acrosstkitee hierarchies (Molecular Function,
Biological Process, Cellular Component) are notasented at all. In practice, the annotation
of a gene product to one GO hierarchyndependenbf its annotation to other hierarchies
insofar as the curators of model organism annatad@tabases are not required to annotate
with a term from one hierarchy a gene product aatedtwith a related term from another hi-
erarchy. However, there exist biological entitieatdependon other ones. For example, an
implicit dependence relation holds between the mdér functionferric ion bindingand the
biological processron homeostasi®ecause the function of binding iron is involvedtire
process of maintaining a stable concentrationasf at the cell or organism level. As a conse-
guence, if a given gene product is annotatedelryc ion binding it should most likely also



be annotated byon homeostasisr one of its descendants. Explicit dependenctiogls are
useful for ontology maintenance. Changes madedioen concept should trigger the review
of and possibly changes to all concepts to whidmad dependence relations. Because they
can be used to alert curators to the existencelafed concepts, dependence relation would
also help produce complete and consistent gendatioroin model organism databases.

Several approaches have been used to identifyidgaaalyzing dependence relations
among GO terms. They are based on lexical, staistind ontological methods. Ogren et al.
have developed kexical approach exploiting the compositional properties of GO terff].
They found that 65% of all GO terms contain anofB€r term as a proper substring. For ex-
ample, the molecular functialectron transposr activityincludes in its name the biological
processelectron transportOntological approaches rely on formal ontological principles to
formalize the relations expected between biologmatities according to general theories
specified in upper-level ontologies. For exampie biological procesprovirus integration
is dependent on the cellular componpravirus becausentologically processes are depend-
ent on the substances on which they act (i.e.etban be no provirus integration unless there
exists a provirus to be integrated). This approaels used by Kumar et al. to analyze de-
pendence relations identified by other meth&iatistical approaches take advantage of the
knowledge represented in the model organism arinotaatabases. In the Gene Ontology
Annotation Tool project (GOAT) Bada et al. mine@ thnnotation databasgene Ontology
Annotation(GOA) for co-occurrence of GO terms. 600,000 aissionis were obtained by this
method, excluding unreliable associations and tmichical relations explicitly represented
in GO [3]. Kumar applied association rule miningheiques to the TIGR database [4]. In a
previous study [5], we combined three approachemputing similarity in a vector space
model, statistical analysis of co-occurrence of 8fns in annotation databases, and associa-
tion rule mining. We applied them to five annotatidatabases. A total of 7,665 associations
were identified by at least one of these approadiescompared them to 5,493 lexical rela-
tions among GO terms, and we found that only' E8@ociations were identified by both non-
lexical and lexical methods. The limited overlapveen associations identified by non-
lexical and lexical approaches was somewhat unésgeand suggests that the different ap-
proaches may complement each other.

The goal of this study is to investigate how arotogy external to GO can help identify
and analyze relations among GO terms. Our hypatheghat two GO terms whose names
include the name of a given chemical entity arel@pendence relation. For example, the
function of a molecule transporting potassium (ggtassium ion transporter activjtythe
cellular component involved in potassium transgerg., potassium ion-transporting ATPase
compleyx and the biological process of potassium transfmd., potassium ion transport
have in common that their names include that ofidhebeing transportegétassium From
an ontological perspective, this biological procélsis cellular component and this molecular
function are all dependent on the chemical enstp@ one would exist without the potassium
existing. Additionally, the biological process ispndent on the molecular function because
any changes in the function would influence thecpss; and the function and the process are
both dependent on the cellular component. The thgeof this study is precisely to identify
pairs of GO terms related by this kind of dependamtations. Furthermore, there are cases in
which two GO terms include the names of chemictities that are not identical, but rather
stand in a hierarchical relation. For example, ti@ecular functiorcation channel activity
involves cation and the biological proceg®tassium ion transpoiinvolves potassium We

Y In [5], we reported 230 associations identifiecbioyh non-lexical and evaluation methods. Here aelre-
stricted evaluation methods to the sole lexicakapph and the overlap between lexical and non-#ép-
proaches has been reduced to 180 terms.



show that an ontology of chemicals in whipttassiuris represented as a kindaztion con-
tributes to identify this kind of dependence reat automatically.

2 Materials

2.1 GO

The Gene Ontology (GO) is a controlled vocabulaeyeadoped by the Gene Ontology Con-
sortium for the annotation of gene products in nh@iganisms. GO names were extracted
from the OBO file downloaded on December 29, 200hpmrising 17,250 GO terms. Both
preferred namesnémefield) and synonymsefact _synonyrfield) are used in this study. A
total of 22,525 names were extracted from the (BI275 synonyms in addition to one pre-
ferred name for each GO term). GO is organizediget separate hierarchies for molecular
functions (9,180 terms), biological processes @8,erms) and cellular components (1,787
terms). In each GO hierarchy, an entity may haveentitan one parent. For example, names
for the molecular function identified by GO:00052#®lude the preferred namsltage-
gated potassium channel activapd three synonymsoltage gated potassium channel activ-
ity, voltage-dependent potassium channel actigityl voltage-sensitive potassium channel
Voltage-gated potassium channel actiyityis entity has two parents in G@otassium chan-
nel activity[GO:0005267] andoltage-gated ion channel activif§gO:0005244].

2.2 ChEBI

The Chemical Entities of Biological Interest (ChieB$ “a freely available dictionary of
‘small molecular entities’ (i.e., atom, moleculenj ion pair, radical, radical ion, complex,
conformer, etc.); ChEBI entities are either produat nature or synthetic products used to
intervene in the processes of living organisms.EBhis developed at the European Bioin-
formatics Institute (EBI). ChEBI names were exteacfrom the OBO file dated December
22, 2004. Both preferred namesafnefield) and synonymssgnonynfield) are used in this
study. A total of 27,097 names were extracted ftbenfile (13,709 synonyms in addition to
one preferred name for each of the 10,516 entit@BEBI entities are organized in a sub-
sumption {s_a) hierarchy where each entity may have more thanpament (polyhierarchy).
11,872 links (i.e., pairs of related entities) wesdracted from the file. For example, names
for the ChEBI entity identified by CHEBI:26216 incle the preferred nanmotassiumand
two synonymskalium andK. The hierarchy where potassium is located incluaes parent
(alkali metalg and one childgotassium(1+).

2.3 Dependence relations from the PSB study

In a previous study [5], which we will refer to e ‘PSB study’, we computed dependence
relations among GO terms using various approachies first approach (baseline) consisted
of identifying GO names present in other GO nangepraper substring (e.g., the stripg-
tassium ion transporis included in the stringotassium ion transpaet activity). The other
approaches are based on the association of GO tareasnotation databases and draw of
various techniques including similarity in a vecg&pace model, statistical analysis of co-
occurrence and association rule mining. A totad4©69 dependence relations (pairs of GO
terms) have been identified during this study. Amahem, 12,978associations were de-

2 In [5], we reported 13,398 associations acrosshi@@archies identified by non-lexical or evaluatimethods.
Here we have restricted evaluation methods todhelsxical approach and the total number of assiotis
identified has been reduced to 12,978 terms.



pendence relations across GO hierarchies. Exaroplassociations identified by the various
approaches are presented in Table 1.

Table 1 — Examples of associations identified byilairity in a vector space model (VSM),
analysis of co-occurring GO terms (COC), assoaiatide mining (ARM) and lexical meth-
ods (LEX) in the PSB study

Association % 8 E ﬁ
> @) < _

MF:  potassium channel activity [GO:0005267] X X X

BP: potassium ion transport [GO:0006813]

MF: chemokine activity [GO:0008009] X X

BP: immune response [GO:0006955]

CC: hemoglobin complex [GO:0005833] X X

BP: oxygen transport [GO:0015671]

MF: taste receptor activity [GO:0008527] X X

BP: perception of taste [GO:0050909]

MF: metal ion transporter activity[GO:0046873] X X X

BP: metal ion transport [GO:0030001]

3 Methods

The methods of this study can be summarized aswsll First, we identify names of ChEBI
entities included in GO terms, creating a bipamgitaph including ChEBI and GO. We then
use these relations between a given ChEBI entilyth@ GO terms in which it is included to
compute co-occurrence relations among the GO témntisis set, called first-order associa-
tions. Using the transitive closure on ChEBI substiom relations, we identify second-order
associations among GO terms, where the ChEBI estiticluded in GO names are not the
same, but stand in a hierarchical relation. Finallg evaluate pairs of co-occurring GO terms
obtained to the pairs of GO terms from the PSBystud

3.1 Identifying ChEBI entities in GO

As noted by Ogren [2], the names of many GO temokide names of other GO terms as a
proper substring. Analogously, the names of ChERities are part of many GO terms. For
example, the entity potassium is present in 43 &@¢ includingpotassium-uptake-ATPase
activity andregulation of potassium transporEvery ChEBI name is searched for in every
GO name. ChEBI names of less than three charaatergnored. These names often corre-
spond to chemical symbols (e.§,,symbol of potassium) and may be ambiguous withdaor
in English (e.g.As— symbol of arsenic — and the prepositash As the names of ChEBI en-
tities may be capitalized, the comparison betwebBEI and GO strings is rendered cased-
insensitive. In order to avoid infelicitous matcht#ee name of a ChEBI entity is required to
be not simply a substring, but a lexical item. tagtice, the characters surrounding the name
of the ChEBI entity in a GO name must be word bauias (i.e., space, hyphen, punctuation,
etc.). For example, the ChEBI entdgrbonis identified in the GO nanmarbonroxygen lyase
activity, but not incarboric anhydrase activityFinally, we performed a limited normalization
of the ChEBI names, principally to allow the nanoésclasses of entities — often in plural
form (e.g., cations, acids, esters, nitrates, ¢ébcthatch names of entities derived from these
classes, often present in singular form as in G@esa In practice, we complemented the list



of synonyms provided by ChEBI by adding, if necegstine singular form for the name of a
plural class (e.ggsterfor ester$. 2,872 such synonyms were added to CHEBI

3.2 Identifying sets of GO terms related to a given Bhéntity

3.2.1 First-order associations

For each ChEBI entity, we computed the set of G@sewhose names include one of the
names for this entity. Then, we computed the aasioais between each pair of GO terms in
the set. All GO terms in a set have the propertpeaihg linked through their names to the
same ChEBI entity (Fig. 1). For this reason, we ttese associations among GO tefirs-
order associationsFor example, the ChEBI entityonic acid(CHEBI:27252) is identified in
three GO terms. The set of GO terms related toethtigy is shown in Table 2.

Table 2 — Set of GO terms related to the ChEBIyntionic acid

BP: uronic acid metabolism [GO:0006063]
MF: uronic acid transporter activitf GO:0015133]
BP: uronic acid transport [GO:0015735]

The following three pairs of GO terms are compduteth the set:
O GO0:0006063-G0:0015133
O GO0:0006063-G0:0015735
O G0:0015133-G0:0015735

ChEBI Gene Ontology

Hierarchical
relations

Lexical inclusion
relations

First-order
associations

Figure 1 — First-order associations

3 As we simply removed the trailirgfrom ChEBI names, some inaccurate names were gjeoefe.g.phos-
phoruandmustard g& Such incomplete names will not mach any lexigahs in GO names and, beside slow-
ing down slightly the matching process, this ovesgation has no detrimental consequences on théfide-

tion of ChEBI entities in GO names.



3.2.2 Second-order associations

The transitive closure of ChEBI subsumption relagiovas computed using Warshall’s algo-
rithm. In the resulting structure, a given entsgyrelated not only to its direct parents as it is
the case in the original ChEBI file, but to eachtsfancestors all the way up to the root of
ChEBI hierarchy.

Unlike first-order associations where GO terms shargiven ChEBI entity, we define
second-order associatiomsnong GO terms associations in which the ChEBtiestincluded
in the GO terms stand in an ancestor-descendatiorelin the sense of the transitive closure
on ChEBI relations presented above (Fig. 2). Fangle, the molecular functiocation
channel activity [GO:0005261] and the biological proceg®tassium ion transport
[GO:0006813] would not qualify for a first-order sagiation. However, asations
[CHEBI:23058] subsumegpotassium ion[CHEBI:29103] in ChEBI (CHEBI: 29103s_a
CHEBI:25414 is_a CHEBI:23058), there is a second-order associdt&mweercation chan-
nel activityandpotassium iortransport

Hierarchical
relations

Transitive
closure

oooooooooooooooooooooo

Lexical inclusion
relations

Second-order
associations

Figure 2 — Second-order associations

3.3 Evaluation

In order to evaluate the pairs of GO terms, we cmagh the pairs of dependent GO terms ob-
tained using lexical and statistical methods inRISB study to the pairs of GO terms sharing
a common ChEBI entity in their names. None of thuglies takes in consideration the direc-
tion of the dependence relation. Thus the compassmply consists of creating the intersec-
tion of the sets of pairs obtained in each studythe comparison, we distinguish between
first- and second-order associations.

4 CHEBI:25414 monocations



4 Results

4.1 Identifying ChEBI entities in GO

Of the 10,516 entities in ChEBI, 2,700 (26%) wetentified in the names of 9,431 GO terms.
In other words, 55% of the 17,250 GO terms includtheir names the name of some ChEBI
entity. These name inclusion relations resulteB0/497 associations between a ChEBI entity
and a GO term.

4.2 Identifying sets of GO terms related to a given Bhéntity

One set of GO terms was created for every ChEBtyemthose name is included in GO
names, resulting in 2,700 sets. The cardinalitthee sets ranges from 1 (1,096 such single-
tons, e.g, for2-Chloro-4,6-dihydroxy-1,3,5-triazingo 590 (foracidg. Other examples of
large sets are related to entities sucplassphateDNA andCoenzyme AThe median cardi-
nality of the 1,604 non-singletons is 5. From thesets, 771,302 pairs of related GO terms
(first-order associations) were computed. Of thesies of GO terms, 340,527 (44%) corre-
spond to dependence relations across hierarchiest & these relations (86%) hold between
biological processes and molecular functions. Hoviaus reasons, we did not attempt to
compute all second-order associations. Insteadsheeked their existence as necessary. The
transitive closure of ChEBI hierarchical relationslded 79,835 relations (i.e., almost seven
times as many as the 11,872 original hierarchiations in ChEBI).

4.3 Evaluation

Of the 44,969 pairs of GO terms identified as dele@hin the PSB study — including associa-
tions both within and across hierarchies, 8,714esmond to GO terms whose names include
a ChEBI entity. Of these, 4,869 (56%) were alsaiified as pairs of dependent GO terms in
this study. 3,932 (45%) were identified as first@rrelations in this study. Additionally, 937
(11%) were identified as second-order relationsthrer words, 19% of the dependence rela-
tions (937/4,869) correspond to second-order oeiati

Of the 771,302 pairs of GO terms identified astegldby a first-order relation via ChEBI,
less than 1% were also identified in the PSB study.

Examples of pairs of dependent GO terms identifige@ither methods and by both meth-
ods are given in Table 3.

Table 3 — Examples of associations identified snR$B study, using ChEBI (first- and sec-
ond-order associations) or both

- ChEBI ChEBI
Association PSB (1% order) | (2™ order)
MF: potassium channel activity [G0O:0005267] X X
BP: potassium ion transport [GO:0006813]

MF: cation channel activity [GO:0005261] X X
BP: potassium ion transport [GO:0006813]

CC: hemoglobin complex [GO:0005833] X

BP: oxygen transport [GO:0015671]

MF: tRNA binding [GO:0000049] X

BP: glycine-tRNA ligase compleG0:0009345]

MF: carboxylesterase activity = [GO:0004091] X
BP: lipoic acid metabolism [GO:0000273]




5 Discussion

5.1 Advantages and limitations

By exploiting not only the terminological componaitChEBI (i.e., the names of chemical
entities), but also its structure (i.e., the hiehdéral relations among chemical entities), our
method identifies second-order associations (iSO terms whose names include chemi-
cal entities standing in a hierarchical relatianpddition to the first-order associations (pairs
of GO terms whose tnames share a chemical enfity®. contribution of subsumption in
ChEBI to identifying dependence relations in GOresponds to 19% of the relations (pro-
portion of second-order relations in this study).

Although no systematic evaluation of the dependemrtations obtained has been per-
formed, we noted the presence of false positivieerant to lexical approaches. For example,
a synonym foelectronin ChEBI isbeta (for B-particle), which is present in many GO terms
with a different meaning (e.doeta-amyloid binding These errors may result in overgenerat-
ing a large number of relations due to the combimat process of creating co-occurrences.
For example, only 46 of the 353 GO terms linkeeélexrtron actually includelectron result-
ing in some 47,000 inaccurate relations (10% oftttal). By imposing constraints on the
matching of ChEBI names in GO names, we triedrtotlerroneous matches. The constraint
on lexical items (matching is limited to compleexital items rather than substrings) pre-
vented, for example, the chemical nawegion [CHEBI:23058]. from being erroneously
matched to the biological proceBHA replication[GO:0006260]. While preventing errone-
ous matches, these limitations also prevent vakdches from being identified. The same
constraint on lexical items also prevented, fornepi®, the chemical namenidazolone
[CHEBI:27850] from being matched to the moleculandtionimidazolonepropionase activ-
ity [GO:0050480]. The threshold of three characterdHe minimum length of ChEBI strings
to be searched for in GO, was selected as a trfideetween false positives and missed
matches. A threshold of four would, for examplénélate matches involvinGoA present in
225 GO terms. Moreover, normalization applied ® @hEBI names is limited and only al-
lows the plural names of chemicals to match thagwdar form in GO terms.

Finally, the primary relations identified by thisethod are relations between ChEBI enti-
ties and GO terms. These relations are genegpalfiicipation relations [4] and the exact na-
ture of the relation is most often easy to deteemiomputed from these primary relations
are the dependence relations among GO terms. Ttneenaf relationship linking GO terms
related to the same chemical entity is often mdfedlt to determine automatically.

5.2 Complementarity among approaches

Statistical approaches to identifying dependendations among GO terms rely on the
knowledge represented in the annotation databBeegever, only about 30% of all GO terms
are used in 70% of the annotations. For this reabenfrequency of many valid associations
represented in the annotation databases may nadffieient for them to be deemed signifi-
cant by statistical techniques. With ontology-dniveethods such as the one we presented,
dependence relations are extracted regardles®iofptesence or frequency in annotation da-
tabases. Conversely, the approach presented ipdpisr presupposes the existence of exter-
nal ontologies to link to while statistical apprbas may be used even when no external on-
tologies are available.

This study confirmed the benefit of combining sevepproaches to identifying depend-
ence relations in GO also when both annotationbdats and external ontologies are avail-
able. An example of this complementarity is thdigbof statistical methods to detect com-
plex associations in biological pathways, for exemghe dependence between hemoglobin



complex and oxygen transport, while the ChEBI-baagproach consistently and systemati-
cally identifies associations, for example amon@& terms involvingRNA All approaches
can be applied to enriching GO with relations bathoss hierarchies and within. For exam-
ple, our ChEBI-based approach identified a secadédfroassociation between the two mo-
lecular functionsarbohydrate transporter activifs0O:0015144] andnaltose porter activity
[G0O:0015581].

While the limited overlap between approaches résléoeir complementarity, it also lim-
its the possibility of evaluating them against &aeh other. In both cases, the relations identi-
fied require manual validation. The false positiidentified in the review of a limited number
would need to be filtered out prior to starting thanual validation.

5.3 Future directions and challenges

As mentioned by Wroe et al [6], who used an ontpldgrived from MeSH, this study con-
firmed the interest of using an ontology of chersic® infer new relations between GO
terms. A richer representation of chemical entitre€hEBI would help link to GO and iden-
tify additional dependence relations among GO teiud surprisingly for a resource that has
been released less than one year ago, the covefddf@EBI remains limited. Its content is
only partially curated at this time, with many cheah entities that have not been classified
yet. Meanwhile, since ChEBI records cross-referetacether chemical entity repositories
(e.g., CAS registry number), additional informati@ng., synonyms) can be extracted from
external resources (e.g., PubChem) also refereticesg identifiers.

This study confirmed the necessityfofmally linking molecular functions, cellular com-
ponents and biological processes in GO to an ogyotd chemical entities. The presence of
ChEBI names in GO terms only represents an imdiickt that must be formalized. A step
further, the fact that GO entities of different d#i(e.g., a molecular function and a biological
process) may be related to the same chemical entipyesents a dependence relation that
must also be formalized.

More generally, as suggested by B. Smith [7], GGtiea must be linked to entities in ex-
ternal ontologies such as cell types (eapha-beta_T-cellactivatior) and organisms (e.g.,
light-harvesting complex (sensu ViridiplanfaeOur approach is not specific to chemical enti-
ties and could be applied to other external oniekg
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